Leukocyte accumulation in cerebrospinal fluid and disruption of the blood-brain barrier are central components of meningitis and are associated with a poor prognosis. Genetically engineered deficiencies or functional inhibition of endothelial leukocyte adhesion receptors P-, or P-plus E-selectins, lead to deficits in leukocyte rolling and extravasation. However, their impact on meningeal inflammation has not been tested previously. An acute cytokine-induced meningitis model associated with significant cerebrospinal fluid leukocyte accumulation (averaging 14,000 leukocytes/ l as early as 4 h) and blood-brain barrier permeability was developed in adult mice. This model was applied to mice deficient in P-selectin and mice doubly deficient in P-and E-selectins. Partial inhibition of cerebrospinal fluid leukocyte influx and permeability was noted in P-selectin-deficient mice. Mice doubly deficient in P-and E-selectins displayed a near complete inhibition of these parameters. Our results suggest that P-and E-selectins cooperatively contribute to meningitis and that functional 
Introduction
Leukocyte emigration into tissues is a multistep process mediated by leukocyte adhesion receptors. The selectins (P-, E-, and L-selectin) support leukocyte rolling on the vessel wall which is a prerequisite to firm adhesion mediated by ␤ 2 and ␤ 1 integrins on leukocytes (1) and their cognate endothelial receptors, ICAM-1 and VCAM-1, respectively. P-and E-selectins are receptors for neutrophils and mononuclear cells. P-selectin is constitutively present in endothelial cells and platelets (2) and, along with E-selectin, is dramatically upregulated by cytokines (3, 4) . Mice genetically engineered with a deficiency in P-selectin (5) and mice doubly deficient in P-and E-selectins generated by two rounds of homologous recombination (6) exhibit deficits in leukocyte rolling and extravasation. E-selectin-deficient mice show no obvious defects in leukocyte extravasation although addition of P-selectin antibody leads to reduced leukocyte influx in thioglycollate-induced peritonitis and delayed-type hypersensitivity reaction (7) . Although endothelial selectins have been shown to play a role in diverse disease processes (2) , their function in meningitis has not been previously assessed.
Bacterial meningitis is an acute inflammatory process resulting from the invasion of pyogenic bacteria. It often has debilitating neurologic sequelae and a fatality rate between 10 and 40% despite antibiotic therapy (8) . Leukocyte influx in the subarachnoid space and protein accumulation in the cerebrospinal fluid (CSF) 1 are hallmarks of the disease and antibiotic-induced bacterial death is known to further enhance inflammatory cell influx minutes after administration, causing further tissue damage (9) . It is now well recognized that adjuncts to antibiotic therapy that reduce inflammation can reduce mortality (8) (9) (10) . Inhibition of leukocyte recruitment by antibodies against ␤ 2 integrins, necessary for firm attachment of leukocytes to the endothelium, has been shown to reduce CSF protein accumulation and improve the survival rate of rabbits (11, 12) .
To determine the role of endothelial selectins in mediating leukocyte and protein accumulation in the CSF, we first developed a murine model of acute cytokine-induced meningitis which was associated with significant inflammatory cell influx and blood-brain barrier (BBB) permeability. Previous reports have described clinical and histopathological manifestations of neonatal murine meningitis (13, 14) and pneumococcal meningitis in adult mice (15) and one report demonstrated significant CSF leukocyte influx at 48 h using Listeria monocytogenes or lymphocytic choriomeningitis virus (16). However, to our knowledge, rapid CSF leukocyte accumulation and injury to the BBB have not been described previously in adult mice. Meningitis was induced by CSF inoculation of human recombinant IL-1 ␤ and TNF ␣ which play key synergistic roles in initiating meningeal inflammation (17) (18) (19) , and successfully elicit CSF leukocyte influx and BBB injury in rabbits (19) and rats (17) . Unlike previous studies where cytokine delivery or infection was through intracisternal injection, we introduced cytokines by lumbar puncture to avoid mechanical disruption of the BBB and assure reproducible delivery into the CSF. Cytokineinduced meningitis was applied to P-selectin-deficient, P-and E-selectin doubly deficient mice and their wild-type counterparts and CSF accumulation of leukocytes and protein was measured.
Methods

Mice
Experimental mice were 7-12-wk-old males: 19-30 grams, age-matched P-selectin-deficient and wild-type mates (5) and age-matched mice doubly deficient in P-and E-selectin and wild-type mates (6) of a mixed strain (129Sv/C57Bl/6) were used. Animals were bred and maintained in a virus-antibody free facility at the Longwood Medical Center and Center for Blood Research, Harvard Medical School and in a specific-pathogen free animal facility at Center for Cancer Research, Massachusetts Institute of Technology. Generation and maintenance of the selectin-null and wild-type mice used in these studies were as follows. P-selectin-null and wild-type mice were obtained from homozygous matings. Four pairs of the P-and E-selectin-null and corresponding wild-type mice at the 4-and 6-h time point were littermates. The remaining four pairs of animals in these groups and the animals used for the 8-and 24-h time point were generated by homozygous crosses.
Induction of meningitis
Mice were anesthetized with tribromoethanol (Avertin, 0.3 mg/gram, intraperitoneally) and a superficial dorsal skin incision was made on the lower back of the mouse to visualize the underlying lumbar verte- CSF and blood collection 2.5, 3, 4, 6, 8 , and 24 h after cytokine inoculation, mice were exsanguinated and peripheral blood was collected. The dura overlying the posterior fossa was exposed surgically, and CSF (typically 8-15 l) was collected by careful aspiration into glass capillary pipettes as described by Griffin (20) . CSF samples with visible blood contamination were discarded. 4 l of the CSF sample was fixed in 1% formaldehyde (in PBS) to preserve leukocytes for a hemocytometer count since unfixed leukocytes rapidly aggregated and adhered to the collecting tube, resulting in loss of cells. The rest of the sample was diluted to 25 l with PBS for measurement of BBB permeability or immediately cytospun onto slides and stained with Wright's Giemsa (Harleco, EM Diagnostics Systems, Gibbstown, NJ) to obtain a differential leukocyte count.
Quantitation of CSF and blood leukocytes. Fixed CSF cells were quantitated on a hemocytometer and results were expressed as cells per cubic millimeter ( l) in undiluted CSF. Differential leukocyte counts of CSF samples were determined on Wright's Giemsa-stained Figure 1 . Time course of CSF leukocyte accumulation. Wildtype mice (129Sv/C57BL/6 strain) were inoculated with cytokines or sham-injected. Representative CSF samples collected from the 4-and 8-h time points are shown top right and bottom right, respectively. Cytokines elicited rapid leukocyte accumulation (closed squares) (n Ն 6 per time point) which peaked at 6 h and was significantly above that in sham-injected animals (triangles) (n Ն 6 per time point). Neutrophils (closed circles), which represented 93% of the cellular infiltrate at 4 h (top right), peaked at 6 h whereas mononuclear cells (open circles) were more prominent at 8 h (bottom right). Data are meanϮSEM. Unpaired Student's t test was performed between cytokine and shaminjected mice data. *P Ͻ 0.0005 compared with sham-injected mice. cytospun slides. Total blood leukocytes were determined by Coulter count of samples (Coulter Electronics, Hialeah, FL) after lysis of red blood cells. Differential leukocyte counts on blood samples were determined on blood smears stained with Wright's Giemsa.
Evaluation of BBB permeability. Fluorescence intensity of CSF and blood samples was measured in a microtiter plate fluorometer (Pandex, Baxter Healthcare, Chicago, IL). The BBB permeability index was expressed as I csf (fluorescence intensity per l CSF sample) divided by I blood (fluorescence intensity per l blood sample), i.e. (I csf / I blood ), a method modified from that described by Kurose et al. (21) .
Histology
Brain tissue was fixed in 4% paraformaldehyde and paraffin-embedded. 4-m sections were cut and subjected to the dichloroacetate esterase reaction, as described by Yam et al. (22) , which allows identification of extravasated PMNs. The specific esterase also identifies mast cells, but brains harvested from sham-injected animals had no specific esterase stain.
Statistics
All parameters in this study are expressed as mean Ϯ SEM. Unpaired Student's t tests were performed for unpaired data and P values Ͻ 0.05 were considered significant.
Results
Time course of neutrophil and mononuclear cell accumulation in the CSF. Doses of human recombinant cytokines IL-1 ␤ (1.25 U/gram body weight) (hIL-1 ␤ ) and TNF ␣ (4 U/gram body weight) (hTNF ␣ ) were used in the range that has been shown previously to be effective in eliciting CSF leukocyte influx in rats (17) . In wild-type mice, inoculation of cytokines via lumbar puncture at vertebrate level L1 or L2 resulted in leukocyte influx in the CSF as early as 2.5 h (200-500 cells/ l). CSF leukocyte counts increased sharply by 4 h to 12,000-15,000 cells/ l, peaked at 6 h, and by 24 h dropped to Ͻ 1,000 cells/ l (Fig. 1) . Neutrophils (PMNs) composed the majority of leukocytes at early time points, 2.5-6 h (78-95%), whereas at 8 h mononuclear cells represented on average 57% of the leukocyte population (Fig. 1) . Lower doses of hIL-1 ␤ in combination with hTNF ␣ were found to be less effective in eliciting leukocytes into the CSF at the 4 h time point. Murine IL-1 ␤ produced a dose-dependent white blood cell influx into the CSF but had a dramatically lower potency than human IL-1 ␤ . The peak response (5,650 cells/ l) was observed at 25 U/gram which is a concentration 20-fold higher than the dose of hIL-1 ␤ used to elicit on average 14,000 cells/ l (data not shown).
Cytokine-induced PMN accumulation in the CSF was due primarily to meningeal inflammation. PMN exudates in brain tissue harvested 4 h after inoculation were identified by a specific esterase stain and were abundant selectively around meningeal vessels with none detected in the parenchyma. In shaminjected mice, no PMNs were observed (Fig. 2) . In addition, at 24 h, minimal PMN exudates were detected in brain sections (data not shown), which is consistent with the significant decline in CSF leukocyte accumulation at this time point (Fig. 1) .
Cytokine-induced meningitis was not fatal. Mice ( n ϭ 6) survived up to 6 d after induction of the disease, were active, and showed no clinical signs of nervous system injury such as ataxia, tremor of the head and extremities, myoclonic jerks, or paralysis.
CSF leukocyte accumulation and BBB permeability in mice deficient in P-selectin and mice doubly deficient in P-and E-selectins. Cytokine-induced meningitis was examined in P-selectindeficient mice and wild-type mates (5) and mice doubly deficient in P-and E-selectins and wild-type mates (6) at multiple time points. Since both sets of wild-type mice displayed similar responses to meningitis, the data for these animals were combined. In P-selectin-deficient mice, a significant reduction in leukocyte recruitment into the CSF at 4 and 6 h, with recovery to wild-type levels by 8 h, was observed. P-and E-selectin doubly deficient mice had a striking deficit in CSF leukocyte recruitment compared with both wild-type mice and mice deficient in P-selectin alone. At 4 h, leukocyte accumulation was similar to that observed in sham-injected mice and at 6 h, the peak of neutrophil influx, was 96% inhibited compared with wild-type animals (Fig. 3 A ) . These data are even more meaningful given that P-, and P-and E-selectin-deficient mice had ‫ف‬ 2.9-and 8.5-fold higher numbers of blood PMNs, respectively, compared with wild-type mice 4-6 h after cytokine inoculation (data not shown), consistent with the neutrophilia reported in these animals (5, 6) . At 8 h, CSF leukocyte accumulation in doubly deficient mice was 32% of wild-type levels. At 24 h, total leukocyte counts in all three genotypes had dropped significantly with no observable difference between P-selectin-deficient and wild-type mice but a threefold reduction in P-and E-selectin-deficient compared with wildtype mice.
CSF traversal of systemically injected FITC-conjugated BSA was assessed in the above animals and served as an index of BBB permeability. The BBB index was calculated as the ratio of fluorescence intensity in CSF sample (I csf ) versus that measured in peripheral blood (I blood ), a method previously used to assess vascular permeability (21) . The extent of BSA penetration into the CSF was significantly lower in the P-selectin-deficient mice compared with wild-type animals at 4 h and remained so at 6 h after cytokine inoculation although this was not statistically significant. BBB permeability in P-and E-selectin deficient mice was reduced further compared with P-selectin-null animals at 4 h and was indistinguishable from that observed in shaminjected animals at this time point. At 6 h, the BBB index was one-third that of the wild-type mice. BBB permeability was reversible at 8 and 24 h, and there was no significant difference between wild-type and selectin-deficient mice (Fig. 3 B ) .
Discussion
We describe a cytokine-induced acute meningitis model which results in significant leukocyte accumulation and BBB permeability in mice and demonstrate a vital role for endothelial selectins in leukocyte extravasation across the meningeal BBB and in CSF protein accumulation in this model. We directly inoculated the CSF with IL-1 ␤ and TNF ␣ to induce meningitis since these cytokines are detected in the CSF of patients with bacterial meningitis caused by gram-negative and gram-positive organisms (16, [23] [24] [25] and represent common host mediators of diverse effects in this disease. Simultaneous administration of these two cytokines leads to inflammatory cell influx and BBB injury (17, 19) and functional blocking of these cytokines with antibodies results in inhibition of meningeal inflammation (19) . Quagliarello et al. (17) also present evidence that hIL-1 ␤ is independently a potent inducer of leukocyte pleocytosis and BBB injury in rats, that hTNF ␣ alone has minimal effects, and that the combination of these cytokines elicits a synergistic response. The local production and secretion of IL-1 and TNF, potentially produced by several cell types within the CNS including monocytes/macrophages lining the leptomeninges, microglial cells, astrocytes, and the vascular endothelium (26) (27) (28) , is known to be induced by subcapsular bacterial surface components (8, 29) . These inflammatory cytokines stimulate P-and E-selectin expression in murine leptomeningeal vessels in vivo (3) and on murine cerebral endothelial cells in vitro (30). The BBB permeability index was significantly higher in wild-type mice (gray bar) compared with sham-injected mice (hatched bar) at 4, 6, and 8 h after cytokine inoculation (P Ͻ 0.05). BBB permeability was inhibited in P-selectin-deficient mice (white bar) at 4 and 6 h and was further attenuated in P-and E-selectin-deficient mice (black bar) at these two time points. Unpaired Student's t tests were performed between wild-type and selectin-deficient mice data. *P Ͻ 0.00001; Studies of human meningitis have documented that adjuncts to antibiotic therapy that can blunt the inflammatory response can reduce mortality. Strategies have included blocking cytokine or arachidonate generation or attenuating inflammatory cell influx (10, 11) . Blocking inflammatory cell influx in conjunction with administering antibiotics has several advantages in treating meningitis. First, bactericidal antibiotics administered to eradicate bacteria often initially worsen the clinical picture of meningitis since bacteria lysis leads to release of proinflammatory cell fragments into the CSF which signal further leukocyte influx. Second, infiltrating blood leukocytes can be carriers of bacteria into the CSF. And third, potential inhibitors given intravenously would not be required to cross the BBB since their target, the leukocyte or endothelium, resides within the vascular compartment. Inhibiting leukocyte influx should not adversely affect the course of infection since leukocyte themselves do not play a significant role in attenuating the bacterial infection due to the very limited humoral immune defenses (both complement and immunoglobulin) in the CSF (8, 29) .
The selectins and members of the IgG superfamily, ICAM-1 and VCAM-1, are part of the endothelial repertoire of leukocyte adhesion molecules which support leukocyte recruitment. The selectins support rolling of unactivated leukocytes on the endothelium and recent evidence suggests that engagement of P-and E-selectins also signals the upregulation of the ␤ 2 integrin Mac-1 which promotes firm adhesion of leukocytes to the endothelium (31, 32) . Our studies showing a near complete inhibition of leukocyte influx and BBB permeability in P-and E-selectin-deficient mice suggest that the endothelial selectins are the primary leukocyte adhesion receptors responsible for leukocyte recruitment to meningeal endothelium. The fact that the effect seen in mice doubly deficient in P-and E-selectins exceeds by far that seen in P-selectin-deficient mice indicates that endothelial selectins act cooperatively in these processes. Although endothelial selectin synergy in leukocyte recruitment has been described previously in a thioglycollate-induced peritonitis model, the effects of endothelial selectin ablation (6) or inhibition (7) on leukocyte recruitment in the latter model were not as dramatic (20% of wild-type) as those observed in our study (4% of wild-type). In addition, selectin synergy was observed only 6-8 h after challenge and not at earlier time points (6, 7). These differences suggest that the cooperation of endothelial selectins in leukocyte recruitment is more important in some tissues than in others and is likely dependent on the tissue expression of these molecules and the combination of inflammatory mediators present. In the cytokine-induced meningitis model, the incomplete inhibition of leukocyte recruitment at 8 h in P-and E-selectin-deficient mice suggests that other leukocyte adhesion receptors may be important at this time point. A role for the leukocyte selectin, L-selectin, in leukocyte recruitment in an experimental meningitis model in rabbits has been previously suggested. The polysaccharide fucoidin, an inhibitor of L-selectin as well as P-selectin, was shown to ablate leukocyte and plasma protein accumulation in the CSF at 8 h after inoculation of heat-killed Streptococcus pneumoniae (33) although its effects at earlier time points were not reported.
Several studies have suggested a direct link between leukocyte extravasation into the subarachnoid space and perturbation of the BBB. CSF protein accumulation is an index of the functional alteration of the BBB localized to the cerebral microvascular endothelium, whose injury is responsible for vasogenic brain edema observed in many forms of meningitis (34). Importantly, a significant protection in BBB permeability (70-100%) in P-and E-selectin-deficient mice was apparent up to 6 h after induction of the disease. These effects were more pronounced than those seen with ␤ 2 integrin antibodies in infectious rabbit meningitis (55-65% inhibition) (11), although a direct comparison of ours and the latter results cannot be made until antagonists to these molecules are tested in the same model. Our study also suggests that the cytokines alone do not play a significant role in promoting BBB injury since near complete inhibition of leukocyte extravasation in P-and E-selectin-deficient mice 4 h after cytokine-induced meningitis was associated with a complete protection of BBB permeability in these animals.
In conclusion, the development of a meningitis model in adult mice allows the examination of various genetically engineered mouse strains deficient in other adhesion molecules and provides an efficacious way of testing potential inhibitors of leukocyte influx. Although characterization of mouse strains was not the focus of this study, we would like to alert readers that as in many in vivo models of inflammation, some strains of mice may respond less well than others. Our studies suggest that the endothelial selectins together play a key role in the recruitment of leukocytes across the BBB and in associated BBB injury in response to acute inflammatory stimuli. Previous antagonists to selectins such as Sialyl Le x or monoclonal antibodies have proven effective in blocking leukocyte influx in vivo (2, 35) . Blocking selectins can theoretically have several advantages over blocking integrins or members of the IgG superfamily. First, selectins are expressed within the vasculature, therefore inhibitors against selectins would potentially have fewer side effects compared with those against more widely expressed leukocyte adhesion molecules. Second, targeting leukocyte rolling will block the earliest known leukocyte-endothelial interaction. Third, unlike ␤ 2 antibodies which lead to a greater incidence of septic complications in Escherichia coli-induced peritonitis and development of subcutaneous Staphylococcus aureus abscesses (36), blocking of P-selectin does not appear to increase the risk of bacterial infections (37) . If cytokine-induced meningitis mimics the processes involved in leukocyte recruitment in human meningitis, antagonists to these selectins in partnership with antibiotics could have beneficial effects in meningitis by limiting the deleterious effects of leukocyte recruitment.
